INTRODUCTION Ultrasound-induced membrane porosity, or sonoporation, has shown its unique potential in intracellular drug and gene delivery via generation of non-specific openings or pores on the cell membrane. Information of the scale of these pores is critical because it determines the size of molecules or agents that can be efficiently delivered through the membrane. Post ultrasound assays such as SEM or AFM have been employed to obtain information about these pores [1] [2] [3] [4] . However, such techniques have several intrinsic limitations. Due to the rapid resealing process of the pores in the cell membrane, pores recognized by SEM or other post ultrasound assays may not be accurate and practically relevant. In addition, these techniques usually require much effort and are time consuming.
We have previously demonstrated the feasibility of using the voltage clamp technique [5] in a whole cell configuration to monitor the sonoporation process in real-time [6] . The transmembrane current (TMC) of a cell under voltage clamp during sonoporation is related to the total area of all the pores on the membrane through which the ions flow due to the concentration gradient across the cell membrane. Therefore the amplitude of the TMC can be used to estimate the size of the pores. In this study, we conducted experiments under conditions designed to ensure generation of single pore in the cell membrane with high probability and to permit estimation of size of this pore during sonoporation. An electro-diffusion model was developed to relate the TMC with pore size from the ion flow through the pores on the membrane. The radius of a single pore can then be estimated from the recorded TMC.
II. MATERIALS AND METHODS

A. Xenopus oocytes preparation
Xenopus oocytes were used as a model system, as described previously [6, 7] , and followed an animal protocol approved by our Institutional Animal Care and Use Committee. Adult Xenopus laevis females (NASCO, Fort Atkinson, WI) were anaesthetized in 1 g/L tricaine methane sulfonate (Sigma, St.Louis, MO) solution (buffered with 500 mg/L NaHCO 3 ) for 20 min. Part of the ovary of the frog was taken out through a small incision (~1 cm) made in the animal's lower abdomen, which was subsequently sutured back together. Oocytes were digested in collagenase (1 mg/mL in OR2 solution containing 82.5 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 5mM HEPES, pH = 7.6), followed by a manual defolliculation if necessary. The oocytes were used immediately in experiments or stored in ND96 solution (containing 96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , 5mM HEPES, pH = 7.6) at 18°C for one or two days before use. Fresh solution was used after each ultrasound application (even without current change) and each oocyte was used for only one detected TMC change.
B. Real time measurement of sonoporation
As described previously [6, 7] , a single oocyte (~1.1 mm diameter) was housed in a 35 mm polystyrene Petri dish (BD Biosciences, San Jose, CA) containing 4 mL ND96 solution with dilution of Definity™ microbubbles (Lantheus Medical Imaging, N. Billerica, MA) at a concentration of 6 × 10 3 /mL to facilitate sonoporation. The Petri dish was shown to have minimal effect (>95% transmission) on the ultrasound (US) pulses propagating from below. The actual microbubble concentration was confirmed by counting the microbubbles with a hemocytometer. US tone-burst exposures of 0.2 s duration at 0.5 MPa were generated using an unfocused, circular, planar piezoelectric US transducer (Piezo Technologies, Indianapolis, IN) with a diameter of 2.54 cm and a center frequency of 1.075 MHz driven by a waveform generator (33250A, Agilent Technologies, Palo Alto, CA) and a RF power amplifier (75A250, Amplifier Research, Souderton, PA).
The use of the voltage clamp technique is the same as described previously [6, 7] . Two microelectrodes connected to a voltage clamp amplifier (Dagan CA-1B, Dagan Corp., Minneapolis, MN) [8] were inserted into the oocyte membrane to measure the TMC when the membrane potential of the oocyte was clamped at −50 mV during recordings. Synchronization of the TMC recordings with ultrasound application was achieved using the trigger signals from the voltage clamp system to measure continuously the TMC of a single oocyte before, during, and after ultrasound application [6] at a sampling rate of 1.0 kHz. The whole cell clamp configuration measures the ion movement through all of the pores generated on the cell membrane by the distribution of bubbles around the cell.
C. Occurance of a single pore in sonoporation
The microbubbles used in the experiment to facilitate sonoporation must be present [9] near the cell membrane to effectively generate pores on the membrane through cavitation. Lower bubble concentration will result in fewer porating bubbles in the vicinity of the membrane and thus a single pore can be expected if the bubble concentration is sufficiently low.
If the microbubbles are homogeneously distributed in the bulk solution, then the number of microbubbles within a given volume surrounding the cell follows a Poisson distribution [10] . Assuming that one pore is generated by one bubble, the probability of having N pores (or N porating bubbles) is described by a Poisson distribution f(N;
where λ is the mean value of the number of pores. Therefore, the probability of having zero pores (no pores) is p 0 = f(0;λ) while the probability of having one pore is p 0 = f(1;λ). Hence the probability of having at least one pore (N 
But p pore = n curr / n tot , where n curr is the number of experiments in which current is measured and n tot is the total number of experiments. Thus Eqn. (2) allows for the experimental determination of the Poisson distribution in Eq. (1). For this approach to be accurate, the conditional probability of having one pore given that poration occurs at all,
should be high (~95%). Of course, as p pore is reduced to a small level by using a sufficiently low microbubble concentration, the likelihood of only one pore becomes high. However, a small value of p pore also then requires a large number of experiments for its determination.
III. ESTIMATION OF PORE SIZE FROM TMC
The TMC change recorded by a voltage clamp system during sonoporation is a result of ion movement through nonspecific pore(s) driven by ion concentration and electrical potential gradient across the space between the intracellular and extracellular compartments. Of all the ions present, only Na + , K + , and Cl − make a significant contribution to the TMC [11] . The current density (current per unit area) of the kth ion is calculated by the GHK current equation [11] :
where U k = z k FV/RT, z k are the ion valencies, F is the Faraday constant, V is the membrane potential in relation to the exterior surface of the membrane, R is the ideal gas constant, T is the temperature, P k = D k K k /h are the ion permeabilities, D k are the ion diffusion coefficients, K k are the ion partition coefficients, c k in and c k ex are the intra-and extracellular ion concentrations, and h is the membrane thickness. The total TMC is then ( )
where r is the (effective) radius of total area of N pores with radius m r (with a single pore, r is just the radius of the pore):
Table I lists most of the parameters used in the model. In addition, V = −50 mV, h = 5 nm [12] , and T = 293 K. In the case of poration, it is assumed K k = 1 (no membrane in the pore), and Figure 1 shows the maximum pore radius as a function of maximum pore current using Eqs. (4)- (6) with P k pore . 
IV. RESULTS
A. Probability of single pore occurance A total of n tot = 281 tests were conducted under identical conditions to measure TMC change during sonoporation experiments. Of these tests, current change was observed in only n curr = 33 tests. Therefore, p pore = 33/281 = 0.117 and by Eq. (4), the mean of the Poisson distribution, is estimated to be λ = 0.125. It follows that p 1|pore = 93.9%, which means that it is very likely that the measured TMC resulted from only a single pore on the membrane during sonoporation. 
B. Distribution of TMC and pore size from single pore data
The distribution of the maximum amplitude of the TMC measured from the set of experimental tests described above is shown in Fig. 2 . The mean TMC is 293.1 nA with standard deviation (SD) of 227.5 nA, and margin of error (ME) for the population mean [10] of 77.6 nA at a 95% confidence level. Note, however, that the long tail skews the mean value upwards, and the median current is only 248.0 nA. Figure 3 shows the corresponding distribution of pore sizes computing using Eqs. (4)-(6) (cf. Fig. 1 ). The mean radius of single pores is 110 nm (median 112 nm) with SD of 41 nm.
C. Distribution of TMC and pore size from multi-pore data
We next used the Poisson distribution determined in Sec. IV.A. to compute the distribution of pore sizes from TMC measurements from 85 sonoporation experiments with microbubble concentration of 1.2 × 10 7 /mL (2000X the value of the used in the single-pore experiments), with all other conditions held the same. With this concentration of microbubbles, it is likely that multiple pores are generated.
We assume that the number of pores follows a Poisson distribution and each porating bubble generates only one pore.
First a trial Poisson distribution f(N;
λ 0 ) for the number of pores was calculated using a trial value for the mean number of pores λ 0 . Based on this distribution, the expected pore number distribution was computed for 100,000 simulated experiments. If the ith simulated experiment had N i pores, then N i current values were randomly selected from TMC data in Fig. 2 , and these values were summed to give the total TMC I i for that experiment. The resulting trial distribution of TMC was then compared with the measured multi-pore distribution shown in Fig. 4 (mean 3.17 μA, SD 5.20 μA, median 1.34 μA) . This process was iterated using different values of λ until the residual between the trial and measured distributions was minimized. The minimization was performed using the NelderMead simplex routine of MATLAB with convergence tolerance of 10 . The best fit value was found to be λ = 4.25 mean pores per experiment. Figure 5 shows the corresponding distribution of pore sizes computing using Eqs. (4)- (6) (cf. Fig. 1 ), assuming that current in each experiment was equally divided Fig. 4 ), and assumes that the current for each experiment is equally divided among each pore. , but the median area is only 0.048 μm 2 due to the long tail. The corresponding (effective) mean radius is 156 nm with SD 110 nm, and the median radius is 124 nm. These values are comparable to those for the single pore case (mean 110 nm, median 112 nm), which suggests that the method is reasonably self-consistent.
V. DISCUSSION
Comparison of estimated pore size to other studies. Ultrasound-induced pore size has been studied by electron microscopy (SEM & TEM) and found to be ~50-75 nm [2] , ~500 nm [3] , and 500-2500 nm [4] in radius. As such, our estimates are in the same range as these previous studies. One advantage of the current approach is the ability to more easily estimate the size of pores that close completely.
Assessment of pore size estimation. Sonoporation is believed to create non-selective pores, wherein the potential gradient and ion concentration gradient are generally unknown. As such, it is difficult to assess the strict applicability of the GHK current equation, which assumes a linear potential gradient between the intra-and extracellular spaces, no interaction between ions, no convection, and steady state conditions. Particularly if a large pore is created (diameter >> membrane thickness), then it is difficult to know if the potential gradient is linear without numerical simulations. While the TMC changes rapidly after poration begins (~ms), it recovers more slowly after reaching its extremum (~10-20 s) [6, 7] . Because the characteristic ion diffusion time between the intra-to extracellular spaces is typically very fast (~μs), the GHK equation should still be applicable on a quasi-static basis. (Recall that all the data presented here show the maximum TMC only.) Although convection due to jetting from bubble collapse may occur, its effect will also be very fast (~μs), after which electro-diffusion should be the dominant transport mechanism. The primary virtue of this approach is that it provides a simple, analytical model to estimate pore size from measured TMC.
Poration vs. permeation. It is possible that ultrasound could enhance permeation of the membrane without creating large physical pores. In this case, the effect of the microbubble interaction could be modeled an increase in the normal ion permeabilities P k listed in Table I that are still less than P k pore (where K k = 1, indicating no membrane). As an extreme case, calculations using Eqs. (4)-(6) with the normal P k (which are ~10 9 times smaller than P k pore ) showed that the resulting "pore" areas would be comparable to or larger than the entire area of the oocyte. In addition, for a 1.1 mm diameter oocyte, the overall leakage current is around 0.02 μ A while in our experiment the single pore current is around 0.2 μ A, indicating an enhancement of ion transport that is characteristic of either highly-increased permeation or full poration.
Number of multiple pores. The ratio of the mean number of pores determined from the single and multiple pore experiment is 34 (4.25 / 0.125), whereas the ratio of bubble concentrations is 2000 (12 × 10 6 / 6× 10 3 ). This discrepancy may arise from several factors. First, a higher ultrasound attenuation resulting from the higher concentration could reduce the number of bubbles that collapse or otherwise interact with the cell. Second, a larger spatial inhomogeneity of bubbles could arise from buoyancy in the higher concentration solution, resulting in fewer bubbles close to the cell. Finally, a higher concentration may give rise to collective effects like bubble-bubble intractions, which could screen some bubbles from interacting with the cell, or the coalescence of bubbles, which might explain the larger than expected number of high TMC values observed in the multi-pore data based a Poisson distribution of pore number (cf. Fig. 4) . A direct measurement of bubble distribution by counting in a hemacytometer (data not shown) indicated that the bubbles could be well fit to a Poisson distribution with λ = 30.35.
Effective range of bubble poration. In the single-pore experiments, the concentration is 6000 bubbles/mL. With a spherical oocyte of diameter 1.1 mm, there is an average of only one bubble in a shell thickness VI. CONCLUSION The distributions of for single-pore and multiple-pore sonoporation experiments obtained under voltage clamp were related to pore size using the GHK current equation. This is the first estimation of pore size using the voltage clamp technique.
